Electron variability and complex formation of transttton metal phthalocyanine are discussed. Under proper conditions the well-known metal(n) phthalocyanines [MPc J (M = Cr, Mn, Fe, Co, Ni, Cu, Zn) can take up four or, in two cases, five electrons. To elucidate the electronic structure of the isolated anionic complexes Li [MPcl.m THF a simple LCAO-MO modelwas dcrived which proved weil sui'ted to ihe interpretation of the chemical constitution of the various transition metal phthalocyanines. Properties like the oxidation potential, different multiplicities between isoelectronic species (e.g. manganese and iron phthalocyanines) and the Mössbauer spectra of iron phthalocyanines are explained. Further, preparation and properties of metal(m) phthalocyanines, complex formation of metal(n) phthalocyanines with pyridine and tetrahydrofuran and of iron(n) phthalocyanine with amines and various n-acid ligands, and the formation of a-organyl transition metal phthalocyanines are treated.
INTRODUCTION
Nearly forty years ago Linstearl pu blished his first paper on the phthalocyanines1, a new dass of macrocyclic complex compoünds. Together with his co-workers he synthesized the now well-known transition metal(n) phthalocyanines from manganese to zincl whose detailed geometric structure 
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R. TAUBE gations 3 . Owing to the planar porphyrin-like structure, the great stability, intense colour and their electric and catalytic properties the phthalocyanines have been the subject of growing interest 4 ' 5 . Today phthalocyanines have been prepared from nearly all metallic and semimetallic elements, but owing to their extreme low solu bility the development of their chemistry is not easy.
ELECTRON V ARIABILITY
Same years ago we found that metal phthalocyanines can be reduced in tetrahydrofuran with lithium and sodium, or with the adducts dilithium stilbene and sodium naphthalene, respectively, in accordance with the following scheme [MPc] to an extent of five steps 6 -9 . The anionic complexes formed are quite soluble in polar organic solvents and are isolable as tetrahydrofuran solvated salts Lin [MPc ] .m THF in a pure crystalline state if oxygen and maisture are excluded perfectly. Table 1 presents the chemical composition of the isolated metal phthalocyanines
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[crmPcCI]
[HnßlPcCl] [reiiiPcBr] [eo 01 with different total electron number. The dotted line marks the Iimit for lowering the oxidation number of the central atom. The lowest are 0 for chrom1um and iron, +I for manganese and cobalt and + n for nicket copper and zinc. Further reduction Ieads to an occupation of the lowest antibonding n-orbitals of the phthalocyanine Iigand as is the case, in general, for the main group meta! phthalocyanines, too. Obviously the metal phthalocyanines show an unusually broad electron variability. Therefore and owing to their planar, highly symmetric, structure they are especially suited for investigations of electronic structure and bonding properties.
TRANSITION MET AL PHTHALOCY ANINES
To understand the chemical constitution of the different metal phthalocyanines in an adequate manner we derived a simple LCAO-MO model from extended Hückel calculations 10 • The orbital basis we chose includes the 9 s-, p-and d-orbitals of the central atom, the 4 er-hybrid orbitals from the inner nitrogen atoms and the 40 n-orbitals of the phthalocyanine. The resulting molecular orbitals are shown qualitatively in Figure 2 .
Figure 2. EHMO model for transition meta! phthalocyanines.
There are four strong bonding cr-orbitals and 21 bonding and nonbonding 1t-orbitals arising mainly from the phthalocyanine. Especially important are the five so-· called centrat atom orbitals b 2 E' 6e 9 , 2a 1 g and 2b 19 deriving themselves mainly from the corresponding 5d-orbitals and the 4s-orbital of the centrat atom. respectively. Their occupation determines the Oxidation nurober of the centrat atom. Finally we had to note the lowest antibonding n -orbitals 1e 9 and 3b 1 u which are mainly or entirely phthalocyanine Orbitals, respectively. Across the e 0 -orbitals a dn-Pn bonding interaction between the central atom and the phthalocyanine can be realized transmitting each change in charge more or less over the whole complex.
In the usual way we can describe reduction by an occupation of the lowest unoccupied orbital and oxidation by elimination of an electron from the highest occupied orbital. Figure 3 shows the calculated energies of the most important orbitals in this respect for MnPc to NiPc. Since the 1t·electron system is very extended, covering eight more electronegative nitrogen atoms, the relatively large electron acceptor capacity of the metal phthalocyanines becomes quite understandable. Further conclusions from our calculations are: ( 1) The stability of the centrat atom orbitals increases along the transition series. This is a consequence of the increasing nuclear charge at the central atom and means that in the same way the oxidation potential of the phthalocyanines must increase, too. This is the (2) In the same direction and for the same reason the energy diffcrence AB between the four low-lying central atom orbitals b 2 g, 6e 9 and 2a 10 and the lowest antibonding 7t-orbitals 7en grows markedly. Therefore in chromium and manganese phthalocyanines the central atom orbitals can take up only 6 electrons [ corresponding to the electron configuration (6eg) 4 (b 2 g) 1 (2a 1 g) 1 ] while in iron, cobalt and nickel phthalocyanines these orbitals at first are filled up completely with 8 electrons before the 7e 9 -orbitals are occupied.
(3) As a consequence of the relatively short M-N distance in the transition metal phthalocyanines the fifth central atom orbital 2b 19 stemming mainly from the dxz-r-orbital is strongly antibonding and can not be occupied before copper.
(4) The order of the central atom orbitals 2a 1 g, 6e 9 and b 29 changes from manganese to nickel phthalocyanine as a consequence of the different relative position between the d-orbital Ievel of the centrat atom and the 7t-orbitals of the phthalocyanine system.
With these basic features in mind we can derive the electronic configuration for most transition metal phthalocyanines quite reasonably.
In Figure 4 the electronic configurations and magnetic moments of isoelectronic manganese and iron phthalocyanines are given. There exist essential differences between isoelectronic species in both series. In the row of the manganese phthalocyanines the number of unpaired electrons drops down from four to two followed by an increase to five, while in the iron compounds unpaired electrons decrease to zero, increasing thereafter to two.
We believe that the striking differences in spin multiplicity between both series arise from the greater stability of the central atom orbitals and the change in position between the 6e 9 -orbitals and the b 2 g-orbital going from manganese to iron phthalocyanine complexes. In our calculations the 6e 9 -orbitals and the b 2 u-orbital in manganese phthalocyanine are nearly 'entartet;. Measurements of the magnetic anisotropy by Martin et a/. 12 show that in manganese(n) phthalocyanine the b 2 g-orbital is somewhat more stable than the 6e 9 -orbital. Therefore we suppose the change of order between the orbitals to take place at the transition from the manganese(u) to the manganese(I) complex. This interpretation Ieads to perfect agreement between theory and magnetic moments in all other cases. The electronic configuration of the iron compounds could he established further by Mössbauer measurements made in conjunction with Fluck 13 ; results are shown in Figure 5 . Despite a sixfold variation of electron number in the row of the iron phthalocyanines the change in isomeric shift is only relatively small. This gives direct experimental evidence of an extensive electron delocalization which can take place according to theory essentially through the dn -pn interaction in the eg-orbitals 10 . 14 . On the other band with occupation of the 2a 19 -orbital in. the iron(O) complex the isomeric shift decreases and the quadrupole splitting drops very markedly. This must surely result from the 4s contribution to this orbital causing an increase of s-electron density at the iron nucleus and from the mucb larger compensating influence of the dz 2 orbita4 the main component in tbe strongly localized 2a 1 -orbital acting on the positive electric field gradient. So, the derived electroJ' configurations of the iron phthalocyanines could be confirmed quite unequivocally. Finally in connection with the investigations on electron variability we are interested in the oxidation of transition metal phthalocyanines. As mentioned above the stability of the central atom orbitals increases across the transition series, causing growing oxidation potentials from manganese to nickel phthalocyanine. Some results of our preparative investigations on the oxidation of transition metal phthalocyanines are summarized in Table 2 .
Manganese phthalocyanine can be oxidized in tetrahydrofuran by trityl chloride or oxygen, while iron and cobalt phthalocyanine do not react under the same conditions. Oxidation of the iron phthalocyanine with oxygen takes place only if a s~rong acid is present to increase the oxidationpotential sufficiently:
Besides the chloride we could prepare in this way with chloronaphthalene as solven~ we are also interested in p-toluenesulfonate, especially in view of the poor donor capacity of the p-toluenesulfonate anion. Remarkab]e properties of this compound mentioned already above are the extremely large q uadrupole splitting reaching nearly 4 mm s-1 and the magnetic moment corresponding to the spin only value for three unpaired electrons, both in full accord with the derived electron configuration (b 2 J 2 (6eiJ)
The higher magnetic moments of the halides arise from a large temperature independent paramagnetism (for FePcCI we found 1600 x 10-6 cm 3 g-1 ) which might decrease on going to the heavier halogens. The cobalt(m) phthalocyanine iodide complexes, however, are diamagnetic certainly in consequence ofthe lower spin pairing energy for the configuration ( 432 Table 2 . Oxidation of metal(n) to metal(m) phthalocyanines in organic solvents.
The electronic structure of iron(m) phthalocyanines could be established further by Mössbauer measurements (see Table 3 ). All compounds show nearly the same isomeric shift while the quadrupole splitting decreases in a regular way with increasing Iigand field strength of the coordinated anion. The very tight bonding of the chloride ion also finds experimental confirmation in the kinetically inert character of the iron phthalocyanine chloride . 
COMPLEX FORMATION
Besides electronic variability, complex formation is the other most important property determining the chemical constitution oftransition metal phthalocyanines.
As shown in Table 4 stable bispyridine complexes are formed only with chromium, manganese and iron phthalocyanine. Since in these cases the 2a 1 ~orbital can get free by spin pairing a strong bonding attraction is pos~ible over the 3dz 2 and 4pz-orbitals on two ligands in the z-direction.
In nickel and copper phthalocyanines on the other hand spin pairing can not be realized and from the doubly occupied 2a 1 g-orbital results a strong electronic repulsion preventing any further complex formation, This repulsion is of course considerably smaller in cobalt phthalocyanine with a single occupied 2a 10 -orbital and in zinc phthalocyanine. the d-shell being strongly contracted. So. in these cases, a weak complex formation with one pyridine Hgand takes place. Since tetrahydrofuran is a much weaker ligand than pyridine we could isolate definite THF complexes only with chromium manganese and iron phthalocyanines, generating these metal(u) phthalocyanines [NiPc) ] low spin! It is an interesting fact that the weak ligand tetrahydrofuran causes spin pairing in the case of chromium(n) and iron(n) phthalocyanines. Both complexes are therefore kinetically stabilized and can be recrystallized from bot tetrahydrofuran by extraction, while the manganese complex decomposes under these conditions.
The strong tendency of iron phthalocyanine to fonn stable bisamine complexes is already known. More recently Kenney demonstrated the usefulness of iron phthalocyanine as a resonance shift reagent in the n .m.r. spectroscopy of amines 1 6 . We have prepared some bisamine complexes of iron phthalocyanine and measured their Mössbauer spectra to study the bonding interaction with the different amines. The results are given in Table 5 . From the nearly constant isomeric shift throughout the whole series of complexes we can conclude that the s-electron density at the iron nucleus remains also nearly constant independently of the bonding state ofthe coordinated nitrogen atom in the different am.ines. The quadrupole splitting on the öther band decreases slightly in the given order; indicating a corresponding compensation of the positive electric field gradient in the xy-plane, which could arise from an increasing bonding interaction with decreasing steric req uirements or increasing donor capacity of the amine, respectively.
To elucidate the coordinative properties of iron phthalocyanine more fully we tested its reactivity also against some 1t-acid ligands shown in Table 6 . By simple addition reactions in benzene or THF, respectively, we could prepare for the first time the bis complexes of iron phthalocyanine with tributylphosphine, triethyl phosphite and p-toluene isonitrile and a carbon monoxide aniline complex, too. The corresponding group Stretching frequencies indicate that the isonitrile Coordinates essentially by cr-bonding while with carbon monoxide a remarkable contribution of n~backbonding is rea1ized.
Nitric oxide complexes of transition metal phthalocyanines were first prepared by Ercolani in a solid state reaction 1 7 . As we found, manganese and iron phthalocyanines react with nitric oxide in tetrahydrofuran much more readily. The manganese compound crystallizing with two molecules of tetrahydrofuran is diamagnetic and can be considered therefore as an NO+ Table 6 . Transition meta! phthalocyanine complexes with TC•acid ligands.
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complex of manganese(I). The solvent-free iron complex shows the magnetic, IR and ESR spectroscopic behaviour (g = 2.038; triplet; aN= 17 G) 18 of a typical nitrose compound. That means the existing unpaired electron must occupy an orbital corresponding mainly to the lowest antibonding n-orbital of the NO group. By reduction with one equivalent Iithium benzophenone the lithium salt of an anionic nitrosyl iron phthalocyanine complex can be isolated which is diamagnetic. Therefore. the received electron must occupy the antibonding n-orbital of the NO group, and a nitrosylate complex with a coordinated NO-ligand should be formed. Additional proof for this comes again from Mössbauer spectra 19 . Nearly identical Mössbauer parameters were found for the neutral and the anionic nitrosyl complex: No-, can be realized in coordination with transition metal phthalocyanines.
One frontier of modern coordination chemistry is the synthesis of crorganyl transition metal compounds andin connection with our studies on the chemistry of transition metal phthalocyanines we also took up the question whetber cr-organyl derivatives can be prepared. We investigated the reaction of the anionic metal phthalocyanines with alkyl halides and found a remarkable connection between the electronic structure of the anionic metal phthalocyanine and the reaction route. In general, a reductive splitting of the carbon-halogen bond takes place and the metal(n) phthalocyanine is formed back as it is formulated here for for the central atoms iron(n) and cobalt(m). Therewith the existence of vitamin B 12 -1ike cr-organyl iron(n) chelates could be proved for the first time.
Preparation of cr-organyl transition metal phthalocyanines by carbanion addition is possible, too, but the redox reaction must be avoided again.
With lithium methyl, lithium phenyl or the corresponding Grignard reagents the metal(n) phthalocyanines were reduced to their anionic complexes quite generally:
A coordinative addition could be realized, however, with the spin paired d 6 -complexes bispyridineiron(n) phthalocyanine and cobalt(nl) phthalocyanine iodide. With lithium phenyl~ for example, the monophenyliron(n) and the bisphenylcobalt(n) complex were prepared in this way: No reduction takes place if Iithium or sodium pbenylacetylide is used as the carbanionic reagent. In this case complex formation is the general reaction mode. We suppose the high electron affinity of the phenylacetyl radical to be the deciding reason that no reduction occurs. Therefore, the rate of the redox reaction is only very slow and coordinative addition proceeds only if the metal phthalocyantne is ~apable of complex fonnation. The isolated phenylacetylide complexes are shown in Table 8 .
Similar to the pyridine complex formation explained above mono-and bis~phenylacetylide complexes could be prepared. The formation of a bisorganyl complex with iron(u) is certainly a consequence of the relatively 437 small trans effect of the phenylacetylide ion. Especially surprising is the high spin character of the manganese(n) complex. Probably the manganese atom has left the streng ligand field of the phthalocyanine in the plane and lies somewhat above the four nitrogen atoms. Being diamagnetic the cobalt(n) complex might possess a binuclear structure with a cobalt--.cobalt bond. The change in the Stretching frequency of the C·--C triple bond with the centrat atom is only small. There is only a slight increase in the acceptor strength of the central atom and no indication of any 1t-bonding back-donation.
CONCLUSIONS
The investigations on electron variability and complex formation, especially the synthesis of cr-organyl compounds, represent an essential extension in the chemistry of transition metal phthalocyanines and contribute to the development of most fields in modern coordination chemistry. From the sturlies of ground state properties as a function of nuclear charge and electron nurober crucial conclusions on the electronic structure of transition metal phthalocyanines can be drawn. The derived LCAO-MO model permits of a comprehensive theoretical description and understanding of structure and reactivity for the various complexes. As the limiting factor for the synthesis of cr-organyl compounds the rate of the redox reaction between the metal phthalocyanine and the organyl halide or the organyl anion, respectively, was recognized. The achieved experimental and theoretical results furnish a valuable basis for other and further research work on chemical and pbysical properties of transition metal phthalocyanines and their derivatives.
